T he mitogen-activated protein kinase (MAPK) family consists of a group of kinases responsive to a variety of environmental stimuli. MAPKs can be subdivided into three groups: extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38MAPK (1-8). Although ERK has been shown to be activated primarily by proliferative signals, JNK and p38MAPK are activated by genotoxic as well as cytotoxic stress signals (7-10). The structural organization of these kinases into specific signaling modules appears to be facilitated by scaffolding proteins such as STE5 in yeast (11) (12) (13) (14) and JNK͞stress-activated protein kinase-associated protein (JSAP) and JNK interacting proteins 1-3 in mammalian cells (15) (16) (17) (18) (19) (20) . These scaffolding proteins tether different MAPK kinase kinases (MEKKs), MAPK kinases (MKKs), and MAPKs into close proximity so that the successive phosphorylation events can occur efficiently, thus conferring specificity to a particular combination of kinases for activation. Although it is well documented that these phosphorylation cascades lead to the activation of transcription factors such as Fos, Jun, and Myc, the precise mechanisms through which the specific transcription factors are recruited is not known (1, 4). In our search for proteins that associate with transcription factors such as Max and Myc, we identified a scaffolding protein, which we termed JLP for JNK-associated leucine zipper protein. Here we show that JLP brings together Max and c-Myc along with JNK and p38MAPK, as well as their upstream kinases MKK4 and MEKK3. Thus, JLP defines a family of scaffolding proteins that bring MAPKs and their target transcription factors together for the execution of specific signaling pathways.
contained the coding sequence of S tag (KETAAAKFERQH-MDS) followed by a stop codon. Substitution of all leucine residues [amino acids 117, 124, 131, 145, 152, and 159 in leucine zipper I (LZI) and amino acids 413 and 420 in leucine zipper II (LZII)] of JLP with alanine residues was carried out by sitedirected mutagenesis and fusion PCR by using M2 cDNA as the template as described (23) . All mutations and deletion constructs were verified by sequence analysis. JLP-S 3Ј deletion mutants were created by digestion of the WT JLP-S cDNA EcoRI͞MluI fragment with SmlI, MslI, PvuII, BssSI, SpeI, and Bsu36I. JLP-S domain constructs were generated by PCR. The regions spanned by domain II, II͞LZII, and II⌬ are 640-1,356 bp, 640-1,551 bp, and 792-1,356 bp, respectively. JLP-I-S and JLP-I͞LZI-S are the two shortest 3Ј deletion mutants. Dominant negative mutant ⌬JBD was created by deletion of the amino acids of JLP from 1 to 107 and from 197 to 209 by using fusion PCR. All of these mutants and domains have the S tag at their C terminal.
Bacterial Recombinant Proteins and Gel-Shift Assays. The cDNA inserts of M2 and M2LZI corresponding to nucleotides 114-1471 of JLP cDNA were blunt-ended and subcloned into the XmaIdigested and blunt-ended pDS56-derived vector (Qiagen, Chatsworth, CA) to place the 6-histidine tag at the N terminus. MC15 host cells were transformed with plasmid DNAs, and the recombinant proteins were induced in the presence of 1 mM isopropyl-␤-D-thiogalactopyranoside and purified by Ni 2ϩ -NTA agarose resin (Qiagen) under denaturing conditions by using the manufacturer's protocol. The recombinant proteins were renatured by stepwise dialysis to remove guanidine-HCl. Recombinant Max protein was produced similarly as described (24) . Gel-shift assays were performed as described (24) .
Western Blot Analysis. Western blot analysis was performed similarly as described (25) . The specific antibody against FLAG tag (M2) was purchased from Sigma, and the specific antibodies against S tag, GST tag, hemagglutinin (HA) tag, ERK2, Max (C17), and c-Myc (N262) were from Santa Cruz Biotechnology. Rabbit antibodies against recombinant JLP were produced in-house.
In Vivo Pull-Down Assay. The assay was performed as described (26) by using buffer S (250 mM Tris⅐HCl, pH 7.5͞137 mM NaCl͞1% Nonidet P-40͞0.1% SDS͞0.5% sodium deoxyAbbreviations: MAPK, mitogen-activated protein kinase; MKK, MAPK kinase; MEKK, MAPK kinase kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun NH2-terminal kinase; JLP, JNK-associated leucine zipper protein; JSAP, JNK͞stress-activated protein kinaseassociated protein; HA, hemagglutinin; LZI, leucine zipper I; LZII, leucine zipper II; SH, Src homology.
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cholate͞1 mM PMSF͞2 g͞ml pepstatin͞2 g͞ml leupeptin͞1.9 g͞ml aprotinin͞1 mM Na 3 VO 4 ) for lysis. Cell lysate (400-500 g) was mixed with the S-protein agarose beads (Novagen) at 4°C for 1 h. The beads of each sample was washed four times with buffer S, and the precipitates were incubated with sample buffer at 37°C for 30 min before they were boiled for 7 min. They were then subjected to SDS͞PAGE, followed by Western blot analysis.
Indirect Immunofluorescence Staining of JLP. These studies were conducted similarly as described (27) by using JLP C-terminalspecific antibody. The cells were mounted and analyzed under a fluorescence microscope (Olympus IX70͞Fluoview).
Results and Discussion
Identification of a Max-Binding Protein JLP. In our search for proteins that associate with the Myc͞Max family of proteins, we screened a gt11 expression library of the mouse myeloid cell line, 32Dcl3, with 32 P-labeled Max probe, which yielded 13 positive clones (22) . These clones were found to be derived from mRNAs that encode two different classes of proteins. One class was the basic helix-loop-helix͞leucine zipper proteins such as c-Myc and Mad, which have been reported to associate with Max (28) (29) (30) . The second class consisted of proline-rich proteins containing many charged amino acids. The nucleotide sequence of one set of the overlapping clones revealed the presence of a single large ORF of 3.9 kb encoding a polypeptide of 1,307 aa (Fig. 1A ). This protein contains LZI, LZII, and a C-terminal domain that shows extensive homology with Caenorhabditis elegans protein ZK1098.10. In addition, this protein shares 69% homology with JSAP1 and JNK interacting protein 3 that act as scaffolding proteins for the JNK signaling pathway (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org). This protein has also been found to share sequence similarity with other partially cloned cDNAs and EST sequences such as KIAA0516. This protein, described in Fig. 1 A, was named JLP. Northern blot analysis using the JLP cDNA probe shows a ubiquitous pattern of expression (data not shown). Ectopic expression of JLP in COS7 cells followed by Western blot analysis revealed that the 180-kDa protein encoded by this cDNA was identical to the endogenous JLP that could be immunoprecipitated from 32Dcl3 cells (Fig. 1B) . Because the ORF contains 1,307 codons, which should encode for a polypeptide of 143 kDa, it is possible that JLP undergoes one or more forms of posttranslational modification. Immunofluorescence studies using Swiss3T3 cells revealed that JLP was a primarily cytoplasmic protein with a punctate distribution (Fig. 1C) . However, JLP attained a perinuclear distribution on exposure to UV (Fig. 1C) , suggesting that the cytoplasmic distribution of JLP changes dynamically in response to stress signals such as UV radiation. Because JLP was isolated as a Max-binding protein, we next proceeded to demonstrate its binding to Max in vivo and in vitro by coimmunoprecipitation. For this, recombinant proteins (produced in Escherichia coli) of Max and the N-terminal region of JLP (M2), which contained LZI and LZII, were prepared. The purified recombinant proteins were mixed and immunoprecipitated either with the preimmune serum or Max-specific anti- with preimmune antibody (PI͞US) or the JLP C-terminal-specific antibody (JLP͞US), followed by the fluorescein-conjugated anti-rabbit IgG secondary antibody (green). The cell nuclei were stained with propidium iodide (red). Cells had also been exposed to UV (254 nm, 5 min), followed by 30-min incubation before they were stained with the JLP-specific antibody (JLP͞UV).
body. Western blot analysis shown in Fig. 2A demonstrates that M2 (N-terminal domain of JLP) could be readily immunoprecipitated from the mixture by Max-specific antibody, but not by the preimmune serum, suggesting that the N-terminal domain of JLP containing the two leucine zippers associates with Max. The precipitation of M2 was not caused by the nonspecific binding of the Max antibody to M2 because these antibodies could not precipitate M2 in the absence of Max (Fig. 2 A) .
To determine the domains responsible for JLP-Max association, we carried out the coimmunoprecipitation experiments described above with several mutants of Max in which the basic helix-loop-helix and leucine zipper domains were mutated (ref. 24 , Fig. 2B ). The recombinant WT and mutant forms of Max were incubated with M2, followed by immunoprecipitation with the Max antibody, and analyzed by SDS͞PAGE. Results of these experiments show that although the WT Max and the basic helix-loop-helix mutants could be coimmunoprecipitated with M2 (Fig. 2B) , the mutant containing alterations in the leucine zipper could not. These results demonstrate that the leucine zipper domain of Max is essential for its interaction with M2. It is interesting to note that the amount of M2 coimmunoprecipitated with helix-loop-helix mutant proteins of Max was greater than that seen with the WT Max. This increase is probably because mutations in the helix-loop-helix domain abolish Max homodimer formation, resulting in greater availability of Max monomers for association with M2.
To determine the domain of M2 responsible for its association with Max, a mutant form of JLP (M2LZI) was prepared, in which all of the leucine residues of LZI were mutated to alanine. This mutant contained no mutations in LZII. Immunoprecipitation experiments carried out with this recombinant protein showed that it failed to associate with Max, whereas its WT counterpart readily did so (Fig. 2C) . Similar experiments with a mutant form of M2 in which the leucines of LZII were mutated to alanine did not affect JLP interactions with Max (data not shown). These studies demonstrate that LZI of M2 is important for interaction with Max, and LZII does not participate in this interaction. To demonstrate association between Max and JLP in vivo, a mammalian expression vector encoding the full-length JLP, which was tagged with S peptide (S tag) and WT Max were coexpressed in COS7 cells. After transient transfection, the S-tagged JLP protein (JLP-S) was precipitated by using S-protein agarose (Novagen), and the precipitate was examined for the presence of Max by Western blot analysis. These results demonstrate that Max can associate readily with JLP in vivo (Fig. 2D) .
Effect of JLP on Max Homodimer and Myc-Max Heterodimer Formation.
To gain an understanding of the role of JLP in Maxmediated functions, we next investigated its relative affinities toward Max-Max homodimerization and c-Myc-Max heterodimerization reactions. For this study, we carried out electrophorectic mobility-shift assays that can distinguish between Max-Max homodimers and Myc-Max heterodimers by using recombinant c-Myc, Max, and M2 proteins. A 32 P-labeled double-stranded oligonucleotide containing the Max-binding site E-box (CACGTG) was used in the assay. Results obtained from this experiment showed that this probe readily bound to both Max-Max homodimers and c-Myc-Max heterodimers as evidenced by the appearance of shifted bands of different mobilities (Fig. 2E) . When recombinant c-Myc alone or M2 alone was used in this assay, there was no detectable binding of the probe to either of these two proteins. Interestingly, addition of the M2 protein to the reaction mixture containing recombinant Max, and the labeled probe was found to result in a disruption of Max-Max homodimer formation. However, when recombinant M2 was added to the reaction mixture containing recombinant c-Myc and Max, little or no effect was observed on the formation of c-Myc-Max heterodimers. These results suggest that JLP has a high affinity for Max-Max homodimers and its interaction with Max results in the dissociation of these homodimers. However, JLP's affinity for Max appears to be less than that of c-Myc as evidenced by its inability to dissociate c-Myc-Max heterodimers. The cell lysates were subjected to a pull-down assay using the S-protein agarose. The precipitates as well as the total cell lysates were analyzed with the specific antibodies against the S tag or Max. (E) Effect of JLP on Max homodimerization and c-Myc͞Max heterodimerization. Electrophoretic mobility-shift assay was performed by using 32 P-labeled doublestranded oligonucleotide, CM1 containing an E-box (CACGTG). Recombinant c-Myc and Max, as described (24) , were mixed with the labeled probe in the presence or absence of recombinant M2. The DNA͞protein complexes were resolved in a native nondenaturing polyacrylamide gel (4%).
Interaction of JLP with JNK and p38MAPK Signaling Modules. Because JLP shares homology with the JNK-scaffolding proteins JSAP1 and JNK interacting protein 3, it was of interest to determine whether JLP could also associate with JNK in a similar manner. To test, HA-tagged JNK1 (HA-JNK1) was coexpressed along with JLP-S in COS7 cells and a pull-down assay was performed by using the S-protein agarose. The precipitates were analyzed for the presence of HA-JNK1 by Western blot analysis with a HA-specific antibody. Results of this experiment presented in Fig. 3A show that JNK1 could associate with JLP. When the pull-down assays were performed with cell lysates expressing JLP or JNK1 alone, such coprecipitation was not seen, suggesting that this is a specific interaction between JNK1 and JLP. Such an interaction with endogenous JLP and JNK1 could also be demonstrated (Fig. 3B) . Similar pull-down experiments with coexpressed FLAG-p38MAPK␣ or endogenous ERK2 indicated that JLP-S could also associate with p38MAPK␣, but not ERK2 (Fig. 3A) .
To determine the domain involved in the association between JLP and JNK1, a series of 3Ј deletion mutants of JLP, all of which were S-tagged at the 3Ј end, were prepared. After transfection of expression plasmids into COS7 cells, pull-down assays were carried out by using the S-protein agarose beads, which showed that all of the deletion mutants bound to JNK1 (Fig. 3C) . However, mutants spanning amino acids 1-110 and 1-164 showed reduced levels of association, suggesting that the region spanning 1-374 may contain multiple binding sites for JNK1. To further determine the sequences of JLP involved in this association, three additional S-tagged JLP-deletion mutants encoding amino acids 160-398, 160-463, or 210-398 were constructed and coexpressed along with HA-JNK1 in COS7 cell. S-protein agarose pull-down experiments using these transfectants indicated that the protein fragments containing the region spanning positions 1-110 and 160-398 could coprecipitate JNK1, whereas a shorter polypeptide lacking amino acids 160-209 but containing amino acids 210-398 failed to do so (Fig. 3D) . These results suggest that the extreme N terminus (1-110) and the region containing amino acids 160-209, which are located between the two leucine zipper domains are involved in the association of JLP with JNK1. These results also suggest that either one of these regions is sufficient for JLP-JNK association.
To map the domain of JLP that interacts with p38MAPK␣, we performed similar experiments using the above expression vectors together with the p38MAPK␣ expression vector in COS7 cells. Results of this experiment presented in Fig. 3E show that the JLP-S protein fragments containing the region spanning positions 1-110 and 160-398 could also bring down p38MAPK␣. As in the case of JNK, the region of JLP spanning amino acids 210-398 failed to coprecipitate p38MAPK␣. Because the domain spanning amino acids 1-110 or 160-209 is sufficient to interact with either JNK or p38MAPK, it is possible that at a given moment a single JLP molecule can tether both JNK and p38MAPK together by using one site for each of the molecules. Such a versatile arrangement could allow JNK and͞or p38MAPK to phosphorylate factors binding to LZI, LZII, or regions nearby. JLP was also found to form oligomers (data not shown), which further facilitates the tethering of JNK and p38MAPK. It appears that JLP is a scaffolding protein that is designed uniquely to bring JNK and p38MAPK signaling modules together.
Interaction of JLP with MEKK3 and MKK4. Both JNK and p38MAPK are activated by an upstream MKK. JNK is activated by MKK4 and MKK7 whereas p38MAPK is activated by MKK3, MKK4, and MKK6 (4). It is significant to note here that MKK4 can activate both JNK and p38MAPK. It was therefore of interest to determine whether JLP is involved in bringing together these kinases to MKK4. To determine the ability of JLP to associate with these upstream kinases that activate JNK and p38MAPK, HA-tagged MKK3 or GST-tagged MKK4 were coexpressed along with S-tagged JLP, and the pull-down assays were performed with the S-protein agarose beads. These studies indicated that JLP could associate with MKK4, but not with MKK3 (Fig. 4A) . A similar study was performed to identify the MEKK isoform upstream of MKK4. Coexpression of HA epitopetagged MEKK3 along with S-tagged JLP in COS7 cells followed by pull-down assays indicated that JLP specifically interacted with MEKK3 (Fig. 4A) . Taken together, these results strongly suggest that JLP is a scaffolding protein that brings JNK1 and (Flag-p38) , or endogenous ERK2 with or without JLP-S were precipitated with the S-protein agarose. Cell lysates were prepared as described (26) . The precipitates and the lysates were analyzed with the specific antibodies against the S tag, HA tag, FLAG tag, and ERK2. (B) In vivo association of JLP and JNK1. COS7 cells were lysed and immounoprecipitated with JNK1-specific antibody (JNK) or a control rabbit antibody (Cont). The immunoprecipitates were subjected to Western blot analysis with the JLP C terminal-specific antibody (JLP). (C) Deletion mapping of JNK1-interacting domain of JLP. HA-JNK1 was coexpressed with the WT or 3Ј deletion mutants of JLP in COS7 cells. All proteins were S-tagged. The lysates were subjected to the pull-down assay with the S-protein agarose. The precipitates and total cell lysates were analyzed with anti-HA antibody. (D) Five mutants of JLP that were C-terminally S-tagged were expressed in COS7 cells along with HA-JNK1. These mutants were JLP-I-S (amino acids 1-110), JLP-I͞LZI-S (amino acids 1-164), JLP-II-S (amino acids 160 -398), JLP-II͞ LZII-S (amino acids 160 -463), and JLP-II⌬-S (amino acids 210 -398). The cell lysates were precipitated with S-protein agarose, and the precipitates and the total cell lysates were analyzed with the anti-HA antibody on a Western blot. The lower panel shows the expression levels of the JLP mutants detected by using the anti-S-tag antibody. (E) To map the domains of JLP associating with p38MAPK␣, pull-down assays using the same set of C-terminally S-tagged proteins of different regions of JLP described in D were used. The proteins were expressed together with FLAG-p38MAPK␣ in COS7 cells, and the lysates were precipitated with S-protein agarose. The precipitates and the total cell lysates were analyzed with the anti-FLAG tag antibody on a Western blot. p38MAPK␣ in close proximity to the upstream kinases MKK4 and MEKK3 to form a functional MEKK3-MKK4-JNK͞ p38MAPK signaling module.
To show that JLP could function as a scaffolding protein that can tether JNK and its upstream kinase, MKK4 simultaneously, we transiently transfected COS7 cells to express HA-JNK1 and GST-MKK4 with or without JLP-S and carried out pull-down assays with glutathione Sepharose or S-protein agarose. The precipitates and cell lysates were subjected to Western blots using HA antibody or GST antibody. Results presented in Fig.  4B show that GST-MKK4 could pull down HA-JNK1 only when cotransfected with JLP, suggesting that JLP can function as a scaffolding protein to tether multiple factors in the signaling module simultaneously.
To demonstrate the role of JLP in JNK activation, NIH 3T3 cells were transiently transfected with expression plasmids for JNK1-S, p38MAPK, MKK4, and MEKK3 along with WT JLP or a dominant negative mutant of JLP (Fig. 5) and a dominant positive mutant of MEKK1 (⌬MEKK). Previous studies have shown that ⌬MEKK activates JNK and p38MAPK pathways in a constitutive manner (19) . JNK1-S was precipitated by S- JLP is a scaffolding protein that can bring together MEKK3, MKK4, and JNK as well as p38MAPK with a set of transcription factors such as c-Myc and Max. Although JLP exhibits sequence homology to JSAP1, it differs from the latter in its ability to tether two distinct downstream MAPKs, namely JNK and p38MAPK. Because JLP also associates with Max through LZI it is possible that other transcription factors containing leucine zipper motifs can associate with LZII. In addition to the leucine zipper domains, JLP has three putative Src homology (SH)2 and SH3 binding sites, which can potentially tether SH2-and SH3-containing kinases to the multiprotein complexes. By doing so, JLP may provide a link for other signaling pathways mediated by those SH2͞SH3-containing kinases to the transcription factors. Because JLP has a ubiquitous expression pattern, JLP can function as a scaffolding protein in many cell types, especially for the ubiquitously expressed MAPKs, such as JNK1, JNK2, p38MAPK␣, and p38MAPK␤.
Our findings that JLP can interact with both the kinase signaling modules and transcription factors have important implications for cell signaling mechanisms. Although the crucial role of JNK as well as p38MAPK signaling modules in different signaling pathways has been fully recognized, the mechanism(s) through which these kinase modules activate different sets of Fig. 4 . In vivo association of JLP with the upstream kinases. (A) COS7 cells were transiently transfected to express the upstream kinases (GST-tagged MKK4, HA-tagged MEKK3, and MKK3) with or without JLP-S. Cell lysates from the transfected cells were subjected to a pull-down assay using the S-protein agarose (26) . The precipitates and lysates were analyzed with the corresponding specific antibodies against the S tag, HA tag, or GST tag. (B) To demonstrate ternary complex formation between JLP, JNK1, and MKK4, COS7 cells were transiently transfected to express HA-JNK1 and GST or GST-tagged MKK4 with or without JLP-S as indicated. Cell lysates from the transfected cells were subjected to pull-down assays using the S-protein agarose or glutathione Sepharose. The precipitates and lysates were analyzed with the corresponding specific antibodies against the HA tag or GST tag. transcription factors under different physiological conditions have largely remained unknown. Our findings that JLP can tether MEKK3, MKK4, and JNK͞p38MAPK along with Myc and Max suggests a mechanism through which JLP can function as a signaling conduit to transmit extracellular signals to transcription factors. Such a scaffolding function of JLP can accelerate the transmission of signals to the target proteins in addition to insulating the signals from other signaling events in the neighboring milieu. Thus, JLP can function as a positive regulator for the JNK͞p38MAPK signaling module. Furthermore, JLP is likely to be involved in shuttling the signaling proteins to different intracellular sites, depending on the signal strength or origin. In fact, such differential localization of signaling kinases and other proteins in specific regions of the cell has been observed during different aspects of cell signaling. It has been observed that the scaffolding proteins, in association with transport proteins such as kinesins, facilitate subcellular protein trafficking. In this context, it is noteworthy that JNK interacting protein͞JSAP associate with kinesin-1 (27, 31, 32) , which is known to be involved in the active transportation of different signaling proteins along microtubules. Our recent studies show a similar association between JLP and kinesin-1 (Q. Nguyen and E.P.R., unpublished work). On the basis of these observations, it can be predicted that JLP, in association with other transport proteins, is involved in shuttling the preorganized signaling complex to different sites, such as cytoplasmic to pernuclear regions. In fact, the dynamic cytoplasmic to perinuclear localization of JLP in response to UV irradiation suggests such a role for JLP.
